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 Centrifugal pumps are extensively employed in mining, petrochemical, 

and wastewater treatment industries, where handling solid–liquid two-

phase flows often results in the erosive wear of internal components. 

This study investigates slurry-induced erosion in a single-stage 

centrifugal pump through a three-dimensional CFD model developed in 

COMSOL Multiphysics. The model integrates Lagrangian particle 

tracking with an empirical erosion correlation and is validated with 

experimental data reported in the literature, showing good agreement 

with an average relative error of below 5%. Parametric simulations 

were conducted to examine the effects of two key operating parameters: 

flow rate and particle concentration. The results indicate that at sub-

design flow rates, the prolonged particle residence time increases 

impact frequency, leading to severe localized erosion near the blade 

leading edges. Conversely, operating at rates close to the design flow 

rate and up to 1.4 Qd reduces erosion intensity and promotes a more 

uniform wear distribution. Increasing particle concentration produces a 

nearly linear rise in the maximum erosion rate—from approximately 3 

mm/year at 0.5% to over 22 mm/year at 3%—while also expanding the 

affected blade area. Moreover, larger particles intensify erosion severity 

and shift erosion zones toward the downstream blade regions, altering 

the wear mechanism. Overall, the validated CFD framework provides a 

robust and predictive tool for evaluating both erosion intensity and 

spatial distribution in slurry-handling centrifugal pumps. The findings 

emphasize the importance of optimizing operational parameters and 

applying wear-resistant materials to enhance pump durability and 

reduce maintenance costs.  
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1. Introduction 

The hydraulic transportation of solids in the 

form of slurry is widely recognized as an 

efficient and cost-effective method for 

conveying bulk materials. Among various 

components of such systems, the pumping unit 

plays a vital role in maintaining continuous 

and stable operation [1]. Pumps are generally 

categorized into two main types: positive 

displacement and rotodynamic. Owing to their 

ability to provide a steady flow and 

accommodate larger flow passages for solid–

liquid mixtures, rotodynamic pumps—

particularly centrifugal pumps—are most 

commonly employed for slurry transportion 

applications [2]. 

Centrifugal pumps are among the most widely 

used hydraulic machines due to their simple 

structure, ease of maintenance, cost-

effectiveness, and ability to deliver large flow 

rates under a wide range of operating 

conditions[3]. They play a vital role in diverse 

applications in industries, such as  mining, oil 

and gas, petrochemical processing, power 

generation, water desalination, and wastewater 

treatment [4]. Despite their broad range of 

utilization, there is a significant challenge 

associated with centrifugal pumps, which is 

the phenomenon of erosive wear when 

handling solid–liquid two-phase flows [5]. 

Since particles in liquid collide with the 

surface of pump components, centrifugal 

pumps, used for slurry transportion, wear out 

quickly [6]. The interaction between the liquid, 

particles, and impeller leads to complex flow 

patterns in the impeller passage. Meanwhile, 

high-velocity solid particles discharged from 

the impeller collide violently with the pump 

casing. The collision incurs energy loss and a 

high risk of wear of the pump [7]. This not only 

decreases the pump’s hydraulic efficiency but 

also increases operational costs, shortens the 

service life, and can even lead to unexpected 

system failure [8]. 

Despite extensive research, accurately 

predicting and mitigating erosion in 

centrifugal pumps remains a complex task due 

to the intricate interplay between particle 

dynamics, fluid forces, and surface 

interactions [9]. Consequently, a 

comprehensive understanding of the dynamic 

interaction between the fluid and particles is 

essential for predicting erosion-prone areas 

and developing strategies to mitigate wear 

[10]. 

Over the past decades, numerous studies have 

been conducted to address this problem 

through both experimental investigations and 

numerical modelling [11]. Experimental 

studies, such as those condocted by Wang et 

al. (2022) [12], provided valuable insights into 

the performance degradation and erosion 

patterns of pumps under slurry flow. Qian et 

al. 2021 [13] show relationships between the 

eroded area and operation time by using 

hyperbolic tangent function. This function can 

be used to predict the development of the 

eroded area of blades in long operations. These 

experiments typically measure head, 

efficiency, and material loss under controlled 

laboratory conditions [14]. However, despite 

their reliability, such tests are often expensive, 

time-consuming, and limited in their ability to 

provide detailed information on internal flow 

structures or local erosion rates [15]. 

Furthermore, replicating full-scale industrial 

operating conditions in a laboratory setting 

remains a significant challenge [16]. 

In contrast, computational fluid dynamics 

(CFD) has emerged as a powerful and cost-

effective tool for analyzing two-phase flows 

and predicting erosion behavior in centrifugal 

pumps [17]. Numerical approaches allow for 

the detailed visualization of internal flow 

fields, particle trajectories, and spatial erosion 

patterns that are otherwise difficult or 

impossible to measure experimentally [18]. 

The Eulerian–Lagrangian framework, in 
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which the continuous phase (fluid) is solved 

using the Navier–Stokes equations and the 

dispersed phase (particles) is tracked 

individually, has been widely adopted for the 

analysis of erosion [19]. When coupled with 

empirical erosion correlations—such as those 

proposed by Finnie [20], Oka [21], or the 

Erosion/Corrosion Research Center (E/CRC) 

[22]—these models can predict erosion rates 

with reasonable accuracy. Previous numerical 

studies have demonstrated the importance of 

mesh refinement, turbulence modeling, and 

appropriate boundary condition definitions in 

achieving reliable results. For instance, Song 

et al. (2021) numerically analyzed the erosion 

characteristics in a double-suction centrifugal 

pump and highlighted the influence of flow 

structure on wear distribution[23]. Similarly, 

Zhao et al. (2021) demonstrated that erosion in 

particle-laden flows is strongly correlated with 

velocity gradients near the blade leading 

edges[24]. More recently, Wang et al. (2022) 

developed a detailed CFD model to assess the 

influence of the concentration of solid on the 

wall erosion in slurry pumps, and confirming 

that increasing the particle volume fraction 

significantly intensified surface wear[11]. 

Despite significant progress in understanding 

erosion mechanisms, important research gaps 

remain. Most of previous investigations have 

concentrated either on overall performance 

degradation or on limited geometric 

configurations, without systematically 

assessing how operating parameters govern 

both the intensity and spatial distribution of 

erosion [25]. In particular, the coupled effects 

of the flow rate, particle concentration, and 

particle size—three dominant factors in 

industrial slurry transportation—have not been 

comprehensively quantified. Furthermore, the 

lack of experimental validation in many 

numerical studies raises concerns regarding 

the reliability and predictive capability of the 

existing CFD models. 

The present study addresses these research 

gaps by developing a three-dimensional CFD 

model of a single-stage centrifugal pump using 

COMSOL Multiphysics. The model includes a 

rotating impeller, a volute casing, and realistic 

boundary conditions, combined with 

Lagrangian particle tracking and an empirical 

erosion correlation. The numerical predictions 

of the pump head were validated with the 

experimental data of Wang et al. (2022)[12], 

showing good agreement with less than 5% 

deviation. 

Unlike most previous studies that examined 

isolated factors such as particle velocity, size, 

or material properties, the novelty of this work 

lies in its integrated CFD-based approach that 

simultaneously evaluates the coupled effects 

of flow rate, particle concentration, and 

particle size on erosion rate and spatial wear 

distribution. Through a detailed three-

dimensional transient Euler–Lagrange 

simulation, the model provides a realistic 

representation of slurry–pump interactions and 

enables a deeper understanding of the 

mechanisms driving erosive wear. 

 

2. CFD simulation 

2.1. Simulation geometries and Meshing 

The centrifugal pump model used in this study 

corresponds to a single-stage, semi-open 

impeller type specifically designed to handle 

liquids containing suspended solid particles. 

This type of pumps, owing to its partially open 

impeller structure, allows particles up to a 

specific size to pass through, making it suitable 

for use in mining, dredging, wastewater 

treatment, and slurry transportation industries. 

This geometry was selected with the aim of 

enabling the simulation of real-world 

phenomena such as pressure pulsation, head 

loss, and erosion, especially caused by particle 

impact on internal surfaces. The impeller has 

an outer diameter of 160 mm and an eye 

diameter of 65 mm. The blade thickness was 
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set to 5 mm, with an inlet blade angle of 23 

degrees and an outlet angle of 29 degrees, 

consistent with reference experimental data. 

The impeller rotates at 2900 rpm, transferring 

kinetic energy to the fluid to overcome 

pressure losses and drive particle motion. 

The outlet is connected to a volute casing with 

a rectangular cross-section (Fig. 1). This 

volute serves to collect the flow from the 

rotating impeller and gradually transform it 

into a uniform discharge suitable for piping 

systems. The configuration is representative of 

industrial centrifugal pumps, which are 

typically subject to erosive wear due to slurry 

handling.  

An unstructured three-dimensional mesh was 

generated in COMSOL Multiphysics using a 

hybrid combination of tetrahedral, prism, 

pyramid, and boundary layer elements. The 

tetrahedral cells were applied throughout the 

main flow domain to accommodate the 

complex pump’s geometry, while prism layers 

were employed near the walls to accurately 

resolve the velocity and pressure gradients 

within the boundary layer. This approach 

ensured a balance between computational 

accuracy and efficiency. The average quality 

of the final mesh elements was 0.68, which 

was found sufficient to achieve mesh-

independent results. 

The mesh generation was carried out for the 

centrifugal pump’s geometry, using the CFD 

Module of COMSOL Multiphysics in a fully 

three-dimensional (3D) domain. Due to the 

geometric complexity of the pump — 

particularly the curved impeller blades and 

volute casing — an unstructured mesh, 

consisting of a hybrid combination of 

tetrahedral, prismatic, pyramidal, and surface 

elements, was employed. Figure 1 shows the 

geometry of the centrifugal pump and the 

generated mesh. In this study, skewness, which 

is a widely accepted indicator of element 

distortion from the ideal shape, was used as the 

measure of the quality of the primary mesh. 

The average skewness value obtained was 

approximately 0.6786, which reflects a high-

quality mesh suitable for accurate numerical 

simulations without causing instability or 

convergence issues. 

The overall mesh generation process adhered 

to rigorous geometric and numerical criteria, 

yielding a well-structured computational 

domain that efficiently and stably solves the 

Navier-Stokes equations. 

 

 
Figure 1. Generated meshes for the centrifugal pump 
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2.2.Governing equations 

The governing equations for the fluid phase are 

derived from the conservation of mass and 

momentum, and expressed as: 
 

Continuity equation: 

(1) ∂𝜌

∂𝑡
+ ∇ ⋅ (𝜌u) = 0 

 

Momentum equation: 
 

(2) 
𝜌
∂u

∂𝑡
+ 𝜌(u ⋅ ∇)u = ∇ ⋅ [−𝑝I + 𝜏] + F 

 

The particle motion was computed by solving 

Newton’s second law for each particle: 
 

(3) d(𝑚p𝑉)

d𝑡
= 𝐹D + 𝐹G + 𝐹ext 

 

The erosion rate at wall’s surfaces was 

predicted using the empirical model developed 

by the Erosion/Corrosion Research Center 

(E/CRC), which relates the mass removal rate 

to the particle impact velocity, impact angle, 

particle size, and material properties of the 

wall: 
 

𝐸 = 𝐶𝐹𝑠(BH)
−0.59 (

𝑣

1[m/s]
)
𝑛

𝐹(𝛼) 
(4) 

 

Where, 𝐶 is an empirical constant, 𝐹𝑠 is the 

particle shape factor (dimensionless), and BH 

is the Brinell hardness of the wall material. The 

term 𝑣 denotes the particle impact velocity 

(m·s−1), while 𝑛 is the velocity exponent that 

accounts for the sensitivity of erosion to 

impact speed. The angular dependency of 

erosion is represented by the function 𝐹(𝑎), 

which is expressed as: 

𝐹(𝑎) = 5.40𝑎 − 10.11𝑎2 + 10.93𝑎3

− 6.33𝑎4 + 1.42𝑎5 

(5) 

Where, 𝑎 is the normalized impact angle. Here, 

𝑎 is the physical impact angle of the particle 

relative to the wall surface, ranging from 0∘ 

(grazing impact) to 90∘ (normal impact). The 

function 𝐹(𝑎) captures the experimentally 

observed trend that maximum erosion 

typically occurs at intermediate angles of 

impact. 

Turbulence effects were modelled using the 

selected turbulence closure model in 

COMSOL’s CFD module, with wall functions 

applied in near-wall regions to capture the 

boundary layer behavior properly. Turbulence 

was modelled using the standard k−ω model, 

which solves additional transportation 

equations for turbulent kinetic energy (k) and 

its dissipation rate (ω). Near-wall treatment 

was implemented via enhanced wall functions 

to predict particle impingement effects in 

boundary layers accurately. 

The slurry flow inside the centrifugal pump 

was modelled as an incompressible, turbulent, 

liquid–solid two-phase flow. The liquid phase 

was treated as a continuous medium, while the 

solid particles were modelled using a 

Lagrangian particle-tracking approach. This 

coupled Eulerian–Lagrangian framework, 

combined with the E/CRC erosion model, 

provided a robust and validated approach to 

simulate the complex interaction between 

slurry particles and pump’s surfaces, enabling 

the precise estimation of spatial erosion 

patterns under varying operational conditions. 

The chosen combination of inlet, outlet, and 

wall conditions ensured numerical stability 

and physical realism, providing a reliable basis 

for analyzing the velocity fields, pressure 

distribution, and erosion patterns inside the 

pump. 

There are various models, including Finnie 

[20], E/CRC, OKA [21], and DNV [26] 

models, to predict erosion rate. These models 

are based on various variables and constants 

derived from experimental data. In this study, 

the E/CRC erosion model has been used to 

predict erosion rates and identify possible 

leakage points on the pipe surface [27]. The 
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descriptions of E/CRC model variables and 

empirical values are presented in Table 1. 

               Table 1.  

               Parameters of particle tracing Physics 

physics parameter input 

Particle tracing 

formulation Newtonian 

Turbulent dissipation model Discrete random walk 

Drag law Stokes 

Erosion model E/CRC 

Particle interaction force Coulomb 

E/CRC model coefficient, C 7e-5.17 

Brinell hardness of surface material, BH 217 

Particle shape coefficient, Fs 0.5 

E/CRC model exponent, n 2.41 

 

2.3.Material properties 

The working fluid was pure water at ambient 

temperature, with the density of 1000 kg/m³ 

and dynamic viscosity of 0.001 Pa·s, modelled 

as an incompressible and Newtonian fluid. The 

solid phase consisted of sand particles with 

two sizes: 0–0.5 and 0.5–1.0 mm, mixed in 

equal weight proportions. Particles were 

assumed rigid, spherical, and non-deformable, 

with the density of 2650 kg/m³, and no inter-

particle interactions were considered. Three 

volumetric concentrations—1%, 2%, and 

3%—were simulated to assess the effect of the 

content of solids on erosion rate. The 

properties of materials are listed in Table 2. 

 

Table 2.  

Material properties considered in the simulation 

Material parameter input 

 

Water 

Density 1000 kg/m3 

Dynamic viscosity 1e-3 kg/(m.s) 

 

Sand 

Density 2650 kg/m3 

Diameter 0.0005 m 

Shape factor 0.5 

 

2.4. Boundary conditions 

The boundary conditions were selected to 

reproduce the realistic hydraulic operating 

conditions of the centrifugal pump. A uniform 

velocity profile corresponding to the specified 

flow rate was imposed at the inlet. At the same 

time, the outlet was defined as a pressure 

boundary with the static pressure set to zero 

gauge. The impeller region was treated using a 

rotating reference frame (RRF) at 2900 rpm to 

simulate the rotor motion, and all solid 

surfaces were assigned no-slip conditions. 

These boundary settings were chosen to ensure 

numerical stability, convergence, and physical 

consistency with the experimental setup used 

for model validation. The summary of 

boundary conditions is presented in Table 3.  

 

Table 3.  

Boundary conditions 

physics 
boundary 

condition 
input 

Fluid flow 

Inlet V=2.34m/s 

Outlet Static pressure=0 

Wall condition No slip 

Gravity Ok 

Particle 

tracing 

Inlet Mass flow=0.203 kg/s 

Outlet Freeze wall 

Drag force Ok 

wall Bounce 
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3. Modelling Results and Discussion 

3.1. Checking Grid independence  

To ensure the reliability of the numerical 

results, a mesh independence study was 

performed using five different mesh densities, 

with the total number of elements ranging from 

approximately 1.01 × 10⁵ to 5.96 × 10⁶. Based 

on the skewness metric in COMSOL (range 0–

1), the average element quality improved from 

0.6101 for the coarsest mesh to 0.6859 for the 

finest mesh (Table 4). 

The pump head, a key performance indicator, 

was used as a criterion to assess the mesh 

sensitivity. Significant fluctuations were 

observed in the first two meshes, indicating 

that increasing the number of elements without 

proper refinement in high-gradient regions 

does not necessarily improve the accuracy of 

the solution. From the third mesh onward, the 

head values began to converge, with the 

difference between the fourth and fifth meshes 

being only 0.69%, which is negligible from an 

engineering standpoint. 

Considering both computational cost and 

accuracy, the fourth mesh, containing 

1,719,702 elements with an average quality of 

0.6801, was selected for all subsequent 

simulations. This mesh provided an optimal 

balance between numerical accuracy, stability, 

and computational efficiency. 

 

      Table 4. 

     Results of the grid independence study for the centrifugal pump 

mesh 1 2 3 4 5 

Number of elements 100963 207465 512916 1719702 5955592 

Average element quality 0.6101 0.6389 0.6551 0.6801 0.6859 

Head (m) 12.12 12.9 11.92 11.56 11.48 

 

3.2.Validation of the modelling results  

The validation of the numerical model was 

carried out by comparing the simulation results 

with experimental data reported by Wang et al. 

(2022)[12], who investigated the performance 

of a centrifugal pump handling slurry with 

various concentrations of sand. The pump head 

was selected as the primary validation 

parameter due to its sensitivity to the mesh 

quality, boundary conditions, turbulence 

modelling, particle distribution, and ease of 

measurement in experiments. 

Both numerical and experimental studies 

evaluated head variation at the volume 

concentrations of 0% to 3% of sand. The 

geometry, operating conditions, particle 

properties, and rotational speed in the 

numerical model were set to match the 

experimental setup as closely as possible. For 

the base case (0% sand), the simulated head 

was 11.56 m, compared to the experimental 

value of 11.00 m, yielding an absolute 

difference of 0.56 m (5.09% error). Across all 

tested concentrations, the absolute difference 

remained in the range of 0.3–0.6 m, with an 

average relative error of 4.46%. A more 

detailed comparison of these values is given in 

Table 5. 

The numerical model successfully reproduced 

the overall decreasing trend of head by 

increasing the concentration of solids. This 

reduction is attributed to the increased 

frictional losses, enhanced turbulence, and 

particle-wall impacts, which collectively 

reduce the mechanical energy transferred to 

the fluid. The close agreement between 

numerical and experimental results confirms 

the model’s accuracy in predicting the pump’s 

performance under slurry flow conditions. 

Minor discrepancies, particularly at higher 

concentrations, may result from factors not 

fully captured in the simulation, such as the 
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surface roughness effects, flow separation, 

localized particle accumulation, or limitations 

of the turbulence model. 

 

 

Table 5. 

Predicted pump head compared to experimental head 

Sand volume 

percent (%) 

Experimental 

head[m] 

Simulation 

head[m] 

Absolute 

difference[m] 

Relative error 

(%) 

0 11 11.56 0.56 5.09 

0.5 10.7 11.2 0.5 4.67 

1 10.3 10.9 0.6 5.83 

1.5 9.8 10.2 0.4 4.08 

2 9.3 9.6 0.3 3.23 

2.5 8.5 8.8 0.3 3.53 

3 8 8.3 0.3 3.75 

 

3.3.Hydrodynamics of the flow in the 

channel 

Analyzing the velocity distribution within a 

centrifugal pump is a fundamental step in 

assessing its dynamic performance. The 

velocity field provides valuable insights into 

the flow behavior, mechanism of energy 

transfer from the impeller blades to the fluid, 

regions with high potential for erosion or 

cavitation, and overall quality of the pump’s 

hydraulic design. In centrifugal pumps, 

particularly under two-phase flow conditions, 

the velocity pattern can be significantly 

influenced by the presence of solid particles, 

turbulence intensity, pressure distribution, and 

the geometric characteristics of the blades. 

Figure 2 illustrates the velocity magnitude 

distribution in a two-dimensional geometric 

cross-section of the pump. The contours range 

from dark blue (lowest velocity) to red (highest 

velocity), offering a clear and detailed visual 

representation of the velocity variations across 

the flow domain. 

In the pump inlet region, located on the left 

side of the figure, the fluid velocity is at its 

lowest compared to other zones. The color 

distribution in this section is uniform, 

predominantly in the blue to light-blue range, 

indicating a smooth, converging, and nearly 

laminar flow into the pump eye. This velocity 

pattern is consistent with what is expected 

under stable inlet boundary conditions. As the 

fluid enters the impeller rotation zone, the 

velocity increases significantly under the 

influence of centrifugal force and energy 

transfer from the rotating blades. This increase 

is clearly visible in the color variation within 

the blade channels, where the contours shift 

toward green, yellow, and even orange. This 

indicates that the highest mechanical and 

kinetic energy concentration occurs in these 

regions, with velocity increasing 

simultaneously in both tangential and radial 

directions. Such behavior aligns well with the 

theoretical principles of the centrifugal pump’s 

operation. 

At the pump outlet, the flow leaves the blades 

and enters the volute casing. In this section, the 

velocity gradient decreases again and moves 

toward a more uniform distribution. However, 

higher velocity concentrations can be observed 

near the volute wall and curvature. This is due 

to the curved flow path and the change in the 

cross-sectional area, which causes local flow 

contraction and a localized increase in 

velocity. This feature is a key factor 

contributing to erosion in the pump discharge 

region. 
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Figure 2. Distribution of velocity magnitude in a two-dimensional geometric cross-section of the pump  

 

Another notable observation is the presence of 

zones with steep velocity gradients along the 

leading edges of the blades and near the volute 

wall. In these areas, abrupt color transitions 

over short distances indicate sharp changes in 

velocity magnitude. Such patterns are often 

associated with the formation of local vortices, 

flow separation, and increased turbulence. 

These zones typically experience higher shear 

stresses, greater particle concentration, and 

intensified erosive wear. 

Overall, the velocity field obtained in this 

simulation provides a physically reasonable 

representation of the pump’s hydraulic 

performance. The uniform inlet pattern, 

gradual acceleration in the blade channels, and 

localized energy dissipation at the outlet are all 

consistent with the principles of the centrifugal 

pump’s operation. This analysis will serve as 

the basis for evaluating the erosion rates, 

pressure distribution, and critical wear zones in 

the subsequent sections of this study. 

 

3.4. Particle trajectory analysis 

Particle tracking is an essential approach for 

understanding the motion of solid particles 

within slurry-handling centrifugal pumps. It 

provides valuable insights into particle 

trajectories, velocity variations, and regions of 

particle accumulation, of which all are critical 

for predicting erosion-prone areas and 

evaluating the pump’s performance under two-

phase flow conditions. This study 

implemented Lagrangian particle tracking in 

COMSOL Multiphysics to visualize the 

movement of sand particles of specified size 

distribution through the pump’s internal flow 

passages. The resulting particle paths were 

analyzed at different time steps to identify 

high-velocity impact zones, recirculation 

areas, and potential wear locations. 

Figure 3 illustrates the motion paths of solid 

particles inside the centrifugal pump over the 

time interval of 0.03 to 0.24 seconds. At the 

initial time (0.03 s), most of particles are 

located in the central region before entering the 

blades, with relatively low velocities. As time 

progresses, from 0.06 s to 0.12 s, particles 

entering the impeller rotation zone are driven 

outward by centrifugal forces. This 

phenomenon is accompanied by increased 

particle velocity, with many particles reaching 
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yellow-colored high-velocity regions (up to 

approximately 18–20 m/s). 

In the intermediate period (0.15–0.18 s), 

particle paths form spiral and tangential 

patterns around the blades. This behavior is 

consistent with the theoretical expectation for 

centrifugal pumps, in which the rotational 

energy of the impeller is transferred to the 

particles, diverting their trajectories in 

tangential and radial directions. 

In the final stages (0.21–0.24 s), a significant 

portion of the particles exits the pump and 

enters the discharge pipe. However, many 

particles still circulate within the pump 

chamber. Some remain trapped in swirling 

paths inside the impeller, indicating the 

presence of localized recirculating flows or 

particle entrapment in high-turbulence regions. 

A notable observation is the presence of high-

velocity particles near blade tips and the outer 

wall. These regions are prone to the particle 

impacting metallic surfaces, increasing the 

likelihood of elevated erosion rates. The 

velocity distribution further shows that many 

particles reach velocities between 12 and 18 

m/s when passing through the blades, which is 

dynamically significant and increases the 

potential for mechanical damage. 

 

 

 / 

t=0.06s t=0.03s 

  
t=0.12s t=0.09s 

  
t=0.18s t=0.15s 

  
t=0.24s t=0.21s 

Figure 3. Trajectories of solid particles inside the centrifugal pump. 
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3.5.Erosion rate parameters analysis 

The erosion rate is directly affected by a 

combination of hydrodynamic, geometric, and 

physical parameters. Particular attention was 

paid to parameters such as particle velocity, 

the volumetric concentration of sand, and the 

location of particle–wall impacts. The results 

offer a more profound understanding of 

erosive behavior under various operating 

conditions and establish a foundation for 

designing more erosion-resistant pump 

components. 

 

3.5.1. Flow rate 

In this study, the inlet flow rate was varied 

across six levels, ranging from 0.6 to 1.6 times 

the design flow rate (Qd). For each case, 

numerical simulations were conducted, and 

two outputs were analyzed: the maximum 

erosion rate on the impeller blades (Figure 4) 

and the spatial distribution of erosion zones on 

the blade’s surfaces (Figure 5). 

The results presented in Figure 4 indicate a 

clear decreasing trend of the maximum erosion 

rate by increasing flow rate. At the lowest flow 

rate of 0.6Qd, the maximum erosion reached 

approximately 12.2 mm/year, indicating 

severe wear conditions at the reduced flow. 

This value decreased progressively to about 

8.1 mm/year at 0.8Qd and 5.4 mm/year at the 

design flow rate. Beyond Qd, the maximum 

erosion rate decreases slowly. with the 

maximum erosion reaching approximately 4.2 

mm/year at 1.6Qd. In other words, as the flow 

rate increases, the frequency of effective 

particle–surface impacts decreases, leading to 

a milder erosion pattern. 

This reduction in erosion intensity can be 

attributed to two main factors: 

 

1. At low flow rates, the longer particle 

residence time and the development of 

recirculating vortices increase the 

likelihood of repeated local impacts. 

 

2. At high flow rates, particles pass through 

the pump more quickly, reducing their 

contact time with blade’s surfaces and 

thereby lowering the probability of 

collisions. 

 

 
Figure 4. Maximum erosion rate on impeller 

blades at different flow rates. 

 

Figure 5 presents the three-dimensional 

contours of the erosion rate distribution on the 

impeller blade’s surfaces at different flow 

rates. The color scale ranges from blue 

(minimum erosion) to red (maximum erosion) 

within the interval of 0–12 mm/year.  
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At the lowest flow rate of 0.6Qd, red and 

yellow regions are concentrated along the 

blades' leading edge and suction side. These 

areas indicate intense particle impacts at the 

blade inlet and flow entry into the inter-blade 

passages. The erosion pattern in this case is 

highly localized and severe, which may lead to 

rapid blade wear. As the flow rate increases to 

0.8Qd and Qd, the color distribution changes, 

with fewer high-intensity zones and a wider 

spread of erosion across the blade surface. The 

erosion pattern becomes less concentrated and 

more uniform, although the magnitude 

remains significant. 

At higher flow rates (1.2Qd, 1.4Qd, and 1.6Qd), 

the overall erosion intensity is markedly 

reduced. The dominant blade surface colors 

shift toward blue and green, indicating the 

lower particle impact energy and reduced 

concentration of erosion in specific regions. 

Interestingly, the erosion zones in these cases 

shift from the leading edge toward the blade 

outlet, which can be attributed to changes in 

particle trajectories and impact angles at 

higher flow velocities. 

The combined numerical and spatial results 

indicate that operating the pump at low flow 

rates (below the design flow rate) may appear 

attractive in terms of energy consumption, but 

it is highly unfavorable from an erosion 

perspective. Under such conditions, particles 

spend more time circulating inside the casing, 

  

 

Q=0.6Qd Q=0.8Qd 

  

Q=Qd Q=1.2Qd 

 
 

Q=1.4Qd Q=1.6Qd 

Figure 5. Erosion rate distribution on impeller blade’s surfaces at different flow rates 
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resulting in repeated collisions with the 

leading edges of the blades and causing severe 

localized erosion. This issue is particularly 

critical in industrial applications involving 

abrasive particles, such as slurry pumps. 

In contrast, operating the pump within the 

range of the design flow rate of up to 1.4Qd not 

only maintains optimal hydraulic performance 

but also significantly reduces erosion while 

promoting a more even dispersion of particles 

toward the outlet. These findings indicate that 

pumps should mainly be operated from Qd to 

1.4Qd and should be strictly avoided under 

underloaded conditions to extend impeller 

blade lifetime and lower maintenance costs. 

At sub-design flow rates, the centrifugal pump 

operates farther from its best efficiency point 

(BEP), leading to increased internal 

recirculation and longer residence time of solid 

particles inside the impeller passages. These 

conditions raise the likelihood and frequency 

of particle impacts near the blade leading 

edges, which intensifies localized erosion. In 

practical applications, several engineering 

solutions can address this issue. From an 

operational perspective, keeping the pump 

close to its BEP is recommended—this can be 

achieved by controlling the rotational speed 

with a variable-frequency drive (VFD) or by 

using a bypass line to maintain a minimum 

stable flow rate instead of throttling the 

discharge valve. When low-flow operation 

cannot be avoided, hydraulic design 

improvements such as slightly adjusting the 

blade inlet angle, applying rounded or back-

swept leading edges, or adding splitter blades 

can help decrease the impact angle and kinetic 

energy of incoming particles. Additionally, 

using wear-resistant coatings or hardfacing 

materials (e.g., WC–Co, Cr₃C₂–NiCr, or 

ceramic linings) on the leading-edge regions 

can effectively reduce material loss. Overall, 

these strategies decrease particle recirculation 

and impact severity, helping to extend the 

impeller's service life under sub-design flow 

conditions. 

Operating at flow rates slightly above the 

design value (up to about 1.4 Qd) results in a 

lower and more evenly distributed erosion rate. 

However, this should not be seen as 

universally beneficial. Beyond the best 

efficiency point (BEP), the pump's hydraulic 

performance begins to decline due to increased 

flow separation near the volute tongue. This 

results in higher hydraulic losses, and a 

gradual decrease in head and efficiency. 

Additionally, excessive flow velocities can 

cause secondary vortices and unbalanced 

radial forces, which may accelerate fatigue and 

mechanical wear on the impeller and bearings. 

Although erosion severity decreases under 

high flow conditions because of shorter 

particle residence time and less impact 

frequency, operating continuously above the 

design point is not advisable. Instead, keeping 

the pump close to its BEP (usually between 1.0 

Qd and 1.2 Qd) offers the best balance between 

hydraulic efficiency, erosion resistance, and 

mechanical stability. This operating range 

minimizes energy loss while effectively 

reducing erosive wear on the impeller blades. 

 

3.5.2. Particle Concentration 

In solid–liquid flow systems, the particle 

volume fraction is one of the most influential 

parameters affecting the erosion rate of 

pump’s internal surfaces, particularly those of 

the impeller blades. This parameter, 

representing the concentration of solid 

particles within the total fluid volume, directly 

influences the frequency of particle–wall 

impacts, the impact energy of particles, 

turbulence intensity, and the overall two-phase 

flow dynamics. As the particle volume fraction 

increases, the collision density rises, and 

particles are more likely to concentrate in 

specific regions of the pump’s internal 

geometry. Consequently, a higher solid 
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concentration is expected to result in an 

increased erosion rate. 

To quantitatively and qualitatively evaluate 

this phenomenon, the concentration of sand at 

the pump inlet was increased in six stages, 

from 0.5 to 3%, while other dynamic 

parameters such as flow rate, particle size, and 

wall material were kept constant. The results 

are presented in Figure 6, which shows the 

variation of the maximum erosion rate with 

particle concentration, and in Figure 7, which 

illustrates the three-dimensional contours of 

erosion distribution on the impeller blades. 

The plot in Figure 6 demonstrates a nearly 

linear relationship between the sand volume 

fraction and the maximum erosion rate on the 

blades.  

 

 

Figure 6. Variation of the maximum erosion rate 

with particle volume concentration 

 

At a concentration of 0.5%, the maximum 

erosion was approximately 3 mm/year, which 

increased to about 5.5 mm/year at 1%. With a 

consistent trend, the maximum erosion rose to 

10.6, 14.5, 18.3, and 22.7 mm/year at the 

concentrations of 1.5, 2, 2.5, and 3% 

respectively. This steady growth confirms the 

direct effect of solid concentration and 

highlights that, even with other operating 

conditions unchanged, increasing the number 

of particles per unit fluid volume can result in 

a several-fold increase in erosion rate. Such a 

trend is consistent with the predictions of well-

established empirical models such as Oka, 

E/CRC, and Finnie, in which erosion is 

directly linked to the impact frequency, impact 

energy, and solid concentration in the fluid. 

Figure 7 illustrates the erosion distribution on 

impeller blades as the volume concentration of 

the particle  increases. At lower concentrations 

(0.5 and 1%), significant erosion zones are 

confined to a small portion of the suction side 

of the blades, with erosion rates mostly in the 

range of 2–6 mm/year. However, as the 

concentration increases to 1.5% and above, 

two significant changes occur: 

1. Intensification of local erosion: Red, yellow, 

and orange regions, corresponding to erosion 

rates above 10–18 mm/year, appear near the 

leading edge, blade root, and occasionally the 

outlet. This reflects more frequent particle 

collisions and localized stress concentration in 

these regions. 

2. Expansion of the eroded area: At higher 

concentrations (2.5 and 3%), nearly half of the 

blades' suction surface is subject to moderate 

to severe erosion. The color distribution 

spreads significantly, indicating the transition 

from localized erosion to widespread surface 

degradation. 

Overall, the magnitude of erosion and the 

affected blade surface area increase 

substantially with the higher concentrations of 

the particle. From the design and maintenance 

perspective, this finding is particularly 

important, as under industrial conditions with 

high solid loading, much larger surface areas 

are exposed to severe erosion, necessitating the 

use of protective coatings or specialized wear-

resistant materials. 
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0.5% 1% 

  

1.5% 2% 

  

2.5% 3% 

Figure 7. Spatial distribution of erosion on impeller blades by increasing the volume concentration of the 

particle. 

 

Furthermore, the spatial erosion maps on the 

blade surfaces (Figure 7) show that higher 

particle concentrations intensify erosion 

severity and significantly enlarge the affected 

regions. While at low concentrations, erosion 

is confined to localized areas such as the blade 

leading edge or root, at higher concentrations 

(2.5 and 3%), nearly the entire suction side of 

the blades is exposed to erosion. Such behavior 

can accelerate blade degradation in industrial 

applications, compromise pump hydraulic 

performance, and eventually lead to system 

failure. 

Overall, increasing the particle volume 

fraction is an erosion-amplifying factor that 

simultaneously impacts the severity, extent, 

and concentration of wear. These findings 

highlight the necessity of controlling the solid 

content in the pumped fluid and adopting 

appropriate design and operational measures to 

mitigate adverse effects. Employing wear-

resistant materials, applying protective 

coatings in critical zones, and operating pumps 

under controlled solid concentrations are 

among the most effective strategies to reduce 

such performance degradation. 

4. Conclusion 

This study developed a three-dimensional 

CFD model of a single-stage centrifugal pump 

in COMSOL Multiphysics to investigate 

erosive wear under solid–liquid two-phase 

flow conditions. The model was first validated 

using experimental data reported by Wang et 

al. (2022), demonstrating good agreement in 

predicting pump head across various 
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concentrations of sand, with an average 

relative error of below 5%. This validation 

confirmed the reliability of the numerical 

framework for analyzing slurry-induced 

erosion. 

The results demonstrated that key operating 

parameters, including flow rate and particle 

concentration, strongly influence the erosion 

behavior of centrifugal pumps. At sub-design 

flow rates, erosion was intensified due to the 

longer particle residence times and increased 

recirculating impacts on blade leading edges. 

Near the design flow rate and up to 1.4Qd, 

erosion severity decreased and became more 

uniformly distributed, highlighting the 

importance of maintaining pumps within their 

optimal hydraulic operating range. Increasing 

the concentration of the particle led to a nearly 

linear increase in maximum erosion rates, 

rising from approximately 3 mm/year at 0.5% 

to over 22 mm/year at 3%. Higher 

concentrations also significantly expanded the 

affected blade surface area, shifting erosion 

from localized zones to widespread surface 

damage.  

Overall, the validated CFD model provided 

detailed insights into both the intensity and 

spatial distribution of erosion within the 

centrifugal pump. The findings highlight that 

maintaining operation near the design flow 

rate and controlling the solid concentration are 

key strategies to mitigate wear and extend 

pump service life. From a practical standpoint, 

these results support the adoption of wear-

resistant materials, surface coatings, and 

optimized hydraulic operation in industrial 

slurry-handling systems. 

For future work, the present model may be 

extended to incorporate long-term geometric 

deformation and surface roughness evolution 

caused by cumulative erosion. Coupling the 

CFD framework with the Discrete Element 

Method (DEM) or advanced turbulence–

erosion interaction models could further 

improve prediction accuracy and enable a 

more comprehensive understanding of the 

complex solid–fluid interactions governing 

wear in centrifugal pumps. 

Overall, this study demonstrated the CFD 

modeling of flow and the prediction of 

corrosion in centrifugal pumps. Similar 

modeling was previously applied to predict 

erosion in other process equipment by other 

researchers [28]. These results illustrate CFD’s 

capability for predicting corrosion in process 

equipment, which is of significant industrial 

importance. 
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